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Foreword

When. and if ever, the history of lung biology and pulmonary medicine is
written, we will recognize that major advances have often been triggered by
unusual events or circumstances. Certainly World War 11 played a major role
in the evolution of new approaches to the study of the respiratory function of
the lung. The extensive use of airplanes during the war and the need to reach
greater altitudes and higher speeds posed a number of questions for researchers
to resolve. Thus, in America and Europe, especially in Germany. new schools
of thought were born and the way was paved for intensive investigative work
that has led to the explosion of knowledge we are witnessing today.

Lung biology, and more specifically the study of the respiratory function of
the lung. attracted a great number of outstanding scientists who have made
many remarkable basic contributions. In turn, these contributions have in-
creased our knowledge of the physiopathology of respiratory diseases and,
thus, practical medicine has been the ultimate beneficiary.

In many ways, the following proceedings of the symposium on “Oxygen
Transport to Human Tissues” are the culmination of nearly 40 years of
scientific virtuosity. Many of the participants in the symposium have not only
established the landmarks of today’s knowledge but they also are the creators
of a scenario that is the basis of a new era in lung biology. viz.. the study of the
nonrespiratory function of the lung.

The dedication of this symposium to Dr. Ulrich C. Luft is a tribute to his
foresightedness and to his scientific achievement. His investigative career has
been contemporary with the major advances of the 40 years past and he has
made many contributions to science which have been an inspiration to others.




Adaptation to hypoxia has been his interest. and a bibliography of over 120
scientific papers is in itself a history of our knowledge of the respiratory
functions of the lung. It started in the years just preceding World War 11 with
studies inspired by the problem of acclimatization to mountain climbing. Then
Dr. Luft’s scientific curiosity turned to the problems encountered by the
military fliers. The effect(s) of hypoxia, decompression. increased CO,. and
gravitational forces became familiar topics of investigation. Then came the
postwar period! The topics and the questions remained the same. but the
studies were broadened to include patients as well as nondiseased subjects.

All who participated in the symposium took great pride in honoring Dr. Luft
because we know that directly or indirectly our work has been stimulated by
his achievements.

Claude Lenfant, M.D.
Bethesda, Maryland
April 29, 1981
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Specialized Physiological Studies in Support of Manned $»ace Flight. A research
program performed under contract with the NASA L.B. Johnson Space
Center, Houston. Texas from 1967 to 1980.

Report No. NASA9-7009, Februany 1970

Part [-A: The effects of breathing low concentrations of CO, on exercise tolerance.

Part I-B: The effects of breathing low concentrations of CO. on respiratory gas exchange.
acid-base balance, and clectrolytes during and after exhaustive exercise,

Part 11 Evaluation of respiratory measurements for application in space operations
A: The forced oscillation method for measuring total respiratory resistance
B: Estimation of mixed venous gas tensions by a shost rebreathing method.
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Part 11 Vahidation tests on automatic devices for metabolic rate measurements
A: The Oxygen Consumption Computer (OCC-Technology. Ine.)
B: The Metabolic Rate Monitor (MRM-Webb Assoc).

Report No. NASA9-T0049, December 1971

Section A: The cffects of low concentrations of CO, on metabolic, respiratory, and circulatory
measurements during work and at rest.

Section B: The relationship between heart rate and metabolie rate.

Section Alterations 1 acid-base and electrolvtes during exhaustive exercise and recovery.

Report No. NASY- 12572 Februury 1973

Part A: Evaluation of the single-breath method (Kim ctal)) for determining cardiac output
using direct Fick procedure as standard.

Part B: Optimum protocol for the assessment of cardiopulmonary competence.

Part C: Bedyv fluids and clectrolvtes under conditions of single and combined stress.

Part D Reevatuation of the open-circuit (Haldane) method for measuring metabolic rate with
regard to the alleged metabolic production of gaseous nitrogen.

Part E: The use of the foreed oscillation method to determine total respiratory conductance in
healthy ac alts, children, and pulmonary patients.

Report No. NAS9-12572, February 1974

Part I: Circulatory and respiratory transients during and after orthostasis and the effects of
beta-adrenergic blockade

Part 11 The determination of total body water by a noninvasive ethanol dilution method.

Part 111: Increased total respiratory conductance breathing 100% O, (Forced oscillation
method).

Report No. NAS9-12572 February 1975

Part [ Fluctuations in O, stores and gas exchange with passive changes in posture,

Part 11t A comparison of the closing volume test with other pulmonary function measure-
ments.

Part 111: Total body volume estimated by stereophotogrammetry and by hydrostatic weighing,

Report No. NAS9-14472, February 1976

Part 1 A study of factors affecting tolerance of gravitational stress imulated by lower body
negative pressure (dehvdration by heat and exercise).

Part IL: Total respiratory conductance by the forced oscillation method using air and Heliox
(20% He» O5) ay a sereening test,

Part HI: Validation of the alcohol dilution method for total body water and fat-free mass
compared with tritium dilution and hyvodrstatic weighing,.

Report No. NASY-14920, December 1977

Part 1. Blood volume shifts and cardiorespiratory fluctuations in response to lower body
negative pressure (LBNP).

Part II: Gravitational effects on blood distribution. ventilation, and gas exchange at the onset
and termination of exercise.

Part 11T Forced oscillations with air and Heliox to determine the site of airway obstruction.

Part 1V: A new method for determining closing volume using forced oscillations.
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Report Noo NASQ-]S483, December 1978

Part I Effects of acute divresis with Lasiy on the volume and composition of bods fluids and
the responses to LBNP.

Part 11: Effects of peripheral blood sequestration during LBNP on plasma volume determina-
tons,

Part {11 Effect of LBNP release on transient hvperpnea induced by inhaled gas minture

Part IV Cardiorespiratory responses to arm exercise with and without LBNP.

R('/ml’l No, NASO- L5483 Julv 1980

Part A: Tolerance to LBNP in endurance runners, weighdifters, swimmers. and nonathictes

Part B: Noninvasive aortic blood flow by pulsed Doppler echocardiography (PDEY compared
to cardiac output by direct Fick measurements.

Part C: Beat-hy-beat stroke volume assessment by PDE in upright and supine exerane

Part D: Instantancous changes in stroke volume by PDE during and after constant LBNP
¢ SO0 Torry.

Part E: Changes in cardiac output and tibial artery flow during and after progressive LBNP




OXYGEN TRANSPORT TO HUMAN TISSUES




SECTION I:

Historical Perspectives




e

Copyright 1952 by Elsevier North Holland. Inc
A Loepphy and ML Riedesel, editors
OXYGEN TRANSPORT TO HUMAN TISSUES

The Lovelace Years

Clayton S. White

It is a pleasure to participate in this symposium honoring a colleague over
many years. Dr. Ulrich C. Luft. one of the world’s outstanding and remarkably
productive scientists. Beyond introducing him. I would like to sketch some of
the historical highlights of the Lovelace Clinic and the Lovelace Foundation
for Medical Education and Research. As Dr. William R. Lovelace (1883-1963)
died on December 4. 1968 and his nephew, Dr. W. Randolph Lovelace 11
(1907-1965) was lost with his wife, Mary, and their pilot. Milton Brown. in an
airplane accident near Aspen. Colorado. on December 12 1965, my remarks
will be mostly limited to deal selectively with events prior to these dates in
highlighting progress subsequent to the founding of the Lovelace organization.

Organization

The Lovelace Clinic. appearing in Albuquerque as a partnership involving Dr.
William R. Lovelace and his brother-in-law, Dr. Edward T. Lassetter in 1922.
initiated the group practice of medicine into New Mexico. The clinic grew
steadily and currently continues to flourish. It has grown from three M.D.s in
1923 to 86 M.D.s, four Ph.D.s and one Nurse Practitioner in 1980, staffing the
Lovelace Medical Center on Gibson Boulevard and three additional Satellite
locations in the Albuquerque Metropolitan Area. In addition. three Associated
Group practices operate in New Mexico at Roswell (1978), Gallup (1979). and
Grants (1979).

W. Randolph Lovelace II became a third partner to the Lovelace Clinic
following his decision to leave the surgical staff of the Mayo Clinic in 1946. A
year later, as a consequence of prior understandings between Dr. Lovelace 11




and his uncles. the partnership was dissolved and the clinic reorganized as an
association of physicians. There were 15 physicians on the clinic staff in 1947
including Clayton S. White, who reported in August of that vear to establish a
section of Internal and Aviation Medicine and to accept an appointment as
Director of Research of the still unformalized Foundation. Concurrently, the
Lovelace Foundation for Medical Education and Research was founded for
educational. scientific, benevolent, and charitable purposes. The certificate of
incorporation was filed September 24. 1947 naming 14 individuals including
the three Lovelace Clinic incorporators and Trustees. Trustees were dis-
tinguished members of the professional. business, and ranching communities.
All except four resided in New Mexico. Five were phvsicians (four Lovelace
Clinic doctors, and the Dean of the University of Colorado School of Medi-
cine). Among the nine lay individuals were a Federal Judge. two bankers, two
ranchers. and four businessmen. The nonprofit New Mexico Corporation. later
to become tax-exempt. received the assets of the Lovelace Clinic as a gift. At
the first meeting of the Board of Trustees. Mr. Flovd B. Odlum was elected
President. Dr. W. Randolph Lovelace 1. Vice President. Dr. W.R. Lovelace.
Treasurer, and Mr. Jack A. Korber. Secretary. In 1949, Mr. Odlum was elected
Chairman of the Board of Trustees and Dr. W. Randolph Lovelace 11 was
named President and Director of the Foundation. a post he held until his death
in 1965. Mr. Odlum served continuously as Chairman of the Board until he
requested retirement in February of 1967. At that time. Mr. Robert O.
Anderson of Roswell. New Mexico accepted the Chairmanship. a position he
currently holds.

Early Concepts

Dr. Lovelace I1. in initial discussions with the Board of Trustees. emphasized
that. among other things. the founding Charter of the Foundation specified
activities in medical education and research at both clinical and basic levels.
Undeterred by the statewide absence of important essentials to carry out such
objectives. he proposed a plan to assemble systematically in Atbuquerque the
elements necessary for education and research in medical schools and medical
centers. The Board members proved their optimism by reacting favorably to
the plan. From the beginning. at least six functional entities were recognized as
essential; a clinic for outpatients, a hospital for inpatients, facilities for
research and instruction in the basic and paramedical sciences including
appropriate laboratories. suitable equipment. qualified personnel. and operat-
ing funds.

The Lovelace plan to push research ahead of education (the reverse of the
convention in medical schools and academic medical centers prior 1o 1950)
marked the Albuquerque operation as different. This approach proved timely
and advantageous. For example, the view prioritizing research in a medicallyv-
oriented environment, advertised a certain dissatisfaction with the status quo.




placed the current inventory of biomedical information under critical scrutiny
and emphasized a resolve to upgrade and enhance the quality of patient care
available to citizens of Albuquerque. New Mexico and neighboring states. In
addition. the comprehensive approach to short- and long-term objectives
placed efficacious constraints upon the choice of personnel because only those
experienced in a clinical mileau and talented enough to pursue independent
investigations and later to teach would do for the key laboratory disciplines.
Also those to be recruited in the paramedical and more physically-oriented
disciplines would have to be unusually gifted. flexible. and either proven
achievers or judged high on the work-potential scale. Indeed. better all hands
be adventuresome. for unless that were the case. who would join those
audaciously envisioning the emergence of a major medical center in a town of
40.000 (Albuquerque population in 1947) centrally located in the sparsely
settled state of New Mexico?

Significant also was the post-World War 11 feeling and mood and the
accompanying realization by many that the conceptual and technical advances
associated with military operations in the United States and abroad provided a
potent stimulus for making constructive use of all that was new and vet
unapplied. The Lovelace Trustees understood this and their “lay-it-on-the-line™
actions engendered a reciprocal response from the staff. Communications were
good enough to stimulate an observer on one occasion to say “it seems both
Trustees and staff are trying to teach each other the art of leading by
example.”

Facilities

One outcome of this spirit on the part of the Trustees was immediate approval
and implementation of a long-term construction program following the dona-
tton of a tract of land on Gibson Boulevard by Dr. W.R. Lovelace. The site
chosen for Foundation headquarters was near the Veterans Hospital which had
just opened a new 300-bed addition to the facility. Seven construction projects
placed six new buildings on the site between 1950 and 1968. The Trustees
tended 1o favor an overbuilding policy which proved immeasurably useful
when extramural funds became available to support research of interest to the
staff. For example. Albert K. Mitchell told the Trustees in 1954 he was
arranging a series of contributions to equip a machine shop because he was
tired of hearing the Director of Research complain that none was at hand. This
and similar events involving Dr. Lovelace, Mr. Odlum. and other Trustee
members prompted Dr. Lovelace 11 to note. “he was beginning to understand
better what friends and Trustees were for.”

Also. the Lovelace family. Trustees. and friends were active in obtaining
funds and pledges to aid the Methodist Church to build Bataan Memorial
Methodist Hospital adjacent to the Foundation property. The hospital opened
in 1952 and in 1969 it was acquired by the Lovelace Foundation.




Always cautious and considerate. the Board’s reactions were at the same
time remarkably farsighted and visionary. Typical. for example. was their
discussion to move ahead with the W.R. Lovelace building project which was
begun on April 24, 1961. The structure. more than doubling space at
headquarters and integrating the hospital with the Lassetter, OB-Gyn and
Radiation Therapy buildings. was planned with fourth and fifth floor options.
Overbuilding as a policy was maintained much through the generosity of Mr.
Robert O. Anderson whose substantial contributions made possible building
the fifth floor as a “shell” which was finally utilized in 1978. some 17 years
after it was constructed at substantially reduced cost.

Early Personal Recollections

That there was a clinic to operate and patients to see was always very much on
Dr. W.R. Lovelace’s mind. His concerns were such that for years he routinely
directed the clinic operator to direct all night calls to his home. 1 recall
receiving a ring one morning near two A.M. “Hello Sambo.™ he said. “There is a
lady out in the North valley who thinks she is having a heart attack.” “*How
old is she” I asked. He replied. “Twenty-two.” I said. “She is probably
fighting with her husband.” His authoritative interruption was. “Don’t you
think you better go out there and see?” I did and she was.

Not long after arriving in Albuquerque. my wife and I attended a Saturday
afternoon staff picnic held on the far east mesa up against the mountains. A
vehicle appeared and parked about 200 yards away. It was noticed and there
was much asking and wondering among the new hands until an old-timer
remarked: “Uncle Doc always hires a radio-equipped taxi to stand by on
occasions like this. There are, after all, clinic physicians and surgeons up here
and there’s Lovelace patients and competitors down there.”

Dr. Jack Grossman, the very competent clinic radiologist. and I were called
into Randy Lovelace’s office in 1948 and told the Lovelace Foundation had a
contract to explore the need for an Aviation Biophysics Facility possibly to be
constructed at the Arnold Engineering Development Center (AEDC). The
work was to encompass conceptual facilities design and a local architect was to
help. Jack went to Berkeley and I went to Los Alamos and Rochester. New
York. The architect went where architects go and, 1 believe Randy went to
Washington. D.C. and Oak Ridge. On returning to Albuquerque. we compared
notes and discussed and outlined a report. It became clear to me then that
Randy Lovelace knew infermation and data might be contained in books and
libraries. but wisdom was found elsewhere. The biophysics facility was not
built at AEDC, but Lovelace. Grossman, and White learned a lot,

The Symposium on the Physics and Medicine of the Upper Atmosphere
Dr. Lovelace I1. as a consequence of his Mayo clinic contacts and his directing
the Aeromedical Laboratory at Wright Field during the war. knew an amazing
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number of influential people. He was active on the Air Force Scientific
Advisory Board and in organizing the Air Research and Development Com-
mand projects led by Professor Theodor Von Karman of Cal Tech. Also,
Randy Lovelace possessed an extraordinary sense of opportunity and timing,
not unrelated to his telling me early in 1950 about discussions he had with
General Otis Benson. the Commanding officer of the USAF School of Avia-
tion Medicine at San Antonio, Texas. It developed that the Lovelace Founda-
tion was to plan, organize, and document a symposium on the Physics and
Medicine of the Upper Atmosphere. The objective was to collect available data
and information essential to planning future research necessary for manned
flight towards the top of the earth’s atmosphere. The contract was signed in
June of 1960. Thirty-four scientists who were knowledgeable in the fields of
astrophysics, aeronautical engineering, biology. radiobiology, toxicology. and
aviation medicine were invited. In retrospect. I probably enjoyed this assign-
ment and the associations developed with the several participants more than
any other assignment during my association with the Lovelace Foundation.
The highly successful symposium, was held November 6 to 9. 1951 in San
Antonio. Most major participants had turned in their manuscripts prior to the
meeting, but without exception all picked them up afterwards saying they had
learned so much from others present that only significant revisions would do.
The cooperation was amazing. and a report of the symposium in the form of a
textbook published by the University of New Mexico Press. was available the
following June. The book was just tn time for delivery to NATO country
representatives, who were to assemble in the fall of 1952 to organize the
Aeromedical Panel of the Advisory Group for Aeronautical Research and
Development (AGARD). You might surmise that Dr. Lovelace 11 thought C.S.
White. as a reward for working so hard on the symposium, should go to Paris
and work for another pleasant and stimulating slave driver, Professor Von
Karman, who was then Chairman of AGARD. 1 did. but what was unusual.
unexpected, and very welcome was that my boss had. through contributions to
a travel fund. made it possible for my wife, Peggy. also to accompany me on
the trip. Randy Lovelace said. “That was what understanding friends were
for.”

Major Programs

Seizing the opportunities opened by Lovelace leadership the staff subsequently
developed a number of major research programs,

The Blast and Biology Program initiated in 1951 under contract with the
Atomic Energy Commission. was concerned with the biological effects of rapid
variations of environmental pressure induced by explosive events, the damage
produced by energized debris. and the consequences of accelerative and
decelerative whole-body displacement. Relevant research on the pathophysiol-
ogy. prevention, and therapy required following blast-induced injuries is still
being carried out.




Also currently active are activities stemming from the Fission Product
Inhalation Program. implemented in 1960 under contract with the Division of
Biology and Medicine of the Atomic Energy Commission. Concerned with the
hazards of inhaling radioactive liquid and particulate aerosols, the effort has
been expanded to include the inhalation toxicology of effluents from fuel
cveles of interest to the Department of Energy.

The Aging Program. beginning in 1960 under contract with the FAA and
subsequently grant-supported by the NIH over a period of almost 10 vears,
involved serial studies of pilots using a battery of phyvsiological, psvchological.
and clinical tests. The aim was to evaluate the levels of normal function in
American males as they might vary as a function of time and age. Dr. Luft was
intimately involved in the physiological aspects of this program and he utilized
the data to develop invaluable standards for physical and physiological varia-
bles (e.g.. Luft, U.C. 1973. Pulmonary function. body composition and physi-
cal fitness of 415 airline pilots in relation to age. In Physical Fitness. V. Seliger,
ed. Praha: Universita Karlova. pp. 237-243.).

Started in 1962, under the auspices of the National Aeronautical and Space
Administration, the Aerospace Support Program undertook as an early objec-
tive the collection and analysis of information from all disciplines. biological as
well as physical. which might relate to the biomedical aspects of operating
manned space craft. A thesaurus embodying over 12.000 descriptions were
prepared. computerized, and automated to allow retrieval of over 30,000 coded
documents. Also a three-volume compendium for development of Human
Standards in Space System Design was completed. The outstanding work
represented an unsurpassed contribution to the Nation's space effort. Follow-up
work under NASA support continued until 1980, mainly under the direction of
Dr. Luft. in specialized physiological studies in support of manned space flight.

Though there were many other research activities, particularly of a clinical
nature. that were of interest up to 1968 with some continuing to the present
day. those will not be noted here. Figure 1 shows research costs on a
cumulative basis. and how these were interrelated with personnel. publications.
salary, and equipment metrics. More impressive than the consistent uptrend in
the variables chosen to assess progress over the years. is the evidence that the
interplay between the Board of Trustees and staff was so effective and so
viably sound as to survive the loss of the Foundation's two key leaders between
1965 and 1968. Had this not been true. [ am certain [ would have had a “Hello
Sambo™ message from Uncle Doc and word from Randy saying “You've
forgotten what I said interested Trustees and colleagues were for.™

Dr. Ulrich Cameron Luft

After coming to Albuquerque in 1954, Dr. Luft played a vital role in the
Lovelace saga. In the course of doing the 1951 symposium and book. I became
acquainted with him and his wife. Alice. 1 recall enjoying dinner and an
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evening in their home in San Antenio, along with John Dornacker. the
Foundation Administrator. I'm sure they thought we both were working too
hard and being hospitable and friendly they prescribed relaxation in their
homelike atmosphere and manner. Subsequent contacts ensued because a
collaborator of Dr. Luft’s at the School of Aviation Medicine, Dr. Walter M.
Boothby. had moved to Albuguerque in 1950 to head the Department of
Physiology at the Lovelace Foundation. At that time. Dr. Nils Lundgren from
Sweden was in the midst of a postdoctoral fellowship and the first three
graduate students were completing work on their M.S. degrees. Dr. Boothby
launched a project to produce a 10-chapter Handbook on Aviation Physiology
under contract with the School of Aviation Medicine. Dr. Luft contributed a
chapter and thus kept informed about the Lovelace adventure in Albuquerque.
In passing, I am pleased to note that counting Ulrich Luft and myself. five of
those who contributed to the Boothby Handbook are participating in this
symposium: Dr. Charles Houston, Dr. Hermann Rahn, and Dr. Richard Riley.

Dr. Walter Boothby died in July of 1953. Dr. Lundgren was leaving to go to
the World Health Laboratory in Calcutta. Lovelace people had just completed
participating in the 1953 Nuclear Test Series at the Nevada Test Site and were
planning to continue there in 1955. We were desperately short of personnel
and 1 and other hands were delighted when Dr. Luft agreed to leave San
Antonio and head the Foundation’s Department of Physiology. Other team
players were Dr. Bernard B. Longwell in Biochemistry, Dr. W, Everett Clapper
in Microbiology, and Dr. Thomas L. Chiffelle in Pathology. All these compati-
ble men were experienced in clinical laboratory work in medical schools and
hospitals and they brought distinction, class. and accuracy into clinical and
hospital operations. What came out of their “shops™ was always of research
caliber and such precision was enthusiastically welcomed by those responsible
for clinical care.

Dr. Luft. Alice. and their son Friedrich (now a practicing physician and
researcher in nephrology at the University of Indiana) arrived in Albuguerque
the day the Hopkins Radiation Laboratory and Therapy Center was dedicated
on January [6. 1954. There must have been some Providence at work for
housed therein was the second rotational cobalt therapy unit to operate in the
U.S.. having been commissioned the previous fall. Dr. Jack W. Grossman in
Radiology and Dr. John Howarth. a radiation physicist recruited from Shef-
field. England. were already present and now, with Dr. Luft aboard. the stage
was set for what was to be a scientific first; namely, the demonstration in
humans that high energy gamma radiation produced a radiation pneumonitis
and a partially reversible fall in pulmonary function. the severity of which was
associated with the radiation dose. The study, supported by NIH was reported
by Dr. Luft in Vienna in 1960 at the International Congress on Chest Discases.
The findings were not unexpected as similar data were obtained at Rochester
University in dogs. but the work in Albuquerque helped define and punctuate
a caution for Radiation therapists to heed. Whom do you think it was that
donated the funds for Dr. Luft’s trip to Vienna? None other than Mr. John J.
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Hopkins. who also generously supported the construction of the Radiation
Therapy Laboratory housing the Cobalt unit. which in turn was a gift from
another Trustee, Mr. Ellis A. Hall. “That.” Randy Lovelace said, “was what
perceptive Trustees were for.”

Dr. Luft first became interested in medicine as a consequence of making
rounds as a youngster with an uncle who practiced surgery near London. His
mother was born Mary Wilson in Edinburgh, Scotland. His father. Friedrich J.
Luft, was a teacher of modern languages in Berlin. Germany. but they
frequently spent the summer vacations in Edinburgh with their family. One
such trip—it happened to be the summer of 1914 —was destined to be an
unexpectedly long one for Ulrich. His family returned to Berlin in July for the
beginning of the school term while he. not being of school age. was to return
later in the year accompanied by his aunt. World War [ broke out in August
and Ulrich was separated from his parents until 1920. On returning to Berlin
at the age of 10. Ulrich had to relearn German. a task enhanced by learning
and plaving violin with his father who was an accomplished violinist. Ulrich’s
mother was a pianist and singer and his sister later plaved concert class cello.
Dr. Luft’s interest in music had endured and remains an attractive facet of his
personality.

Dr. Luft started medical school at Freiburg in the fall of 1929. He was
persuaded by a boyhood friend interested in mountaineering to transfer to the
University of Munich Medical School. There he joined the Alpine Club. Upon
the death of his father in 1931, he returned to Berlin and entered the
University of Berlin Medical School taking his M.D. in 1935. After a year of
internship in a large city hospital in Berlin (1935-36). he was licensed to
practice medicine in Germany. He then took a residency in Pathology at the
Medical School in Freiberg (1936-37), an aspect of his training which was
intimately associated with his first research publication. In 1937 and 1938, he
spent three months each year on expeditions to the Himalayas. working for
and with Dr. Hans Hartmann. Both expeditions were sponsored by the
Aeromedical Research Institute of the Air Ministry. During 1938-42. Dr. Luft
worked as a Research Physiologist at the Aeromedical Research Institute in
Berlin and in 1942 took his Ph.D. in Physiology at the University of Berlin. His
thesis was titled “High Altitude Acclimitization.” From 1942 to 1945, he
served as Chief of Aviation Physiology at the Aeromedical Research Institute
and held the rank of Associate Professor of Physiology at the University of
Berlin Medical School. In 1945, he was appointed Associate Professor and
Acting Director of the Department of Physiology at the reactivated University
of Berlin Medical School, a post he held until 1947 when he elected to leave
Germany. He arrived in San Antonio to join the staff of the USAF School of
Aviation Medicine in June 1947 as a Research Physiologist and Associate
Professor. His wife and son joined him there later that year.

There is so much more that could be said about Dr. Luft; his publications
totalling some 120 papers or book chapters over 55 years (27 at the Lovelace
Foundation in Albuquerque) attest to his unflagging energy and productivity.
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He is a superb methodologist as those who work in his department soon learn.
His contribution to the fine judgment required to define the line between
normality and disease has been outstanding. Beyond this and the high regard
with which his career is viewed by those who know and read his work. |
suspect his greatest contribution and satisfaction will stem from what he has
imparted to the pre- and postdoctoral fellows he has trained. The Albuquerque
hst indicates 16 postdoctorates from 11 different countries: Canada.
Czechoslovakia. Denmark. England. Germany. India. Japan. Spain. Sweden.
Thailand. and the U.S.A. Four have taken their Ph.D. and three their M.S.
degrees under his watchful eye. Odds are high you will hear from all these
individuals over the years ahead. but maybe net with the force with which Dr.
Ulrich Luft has impacted science. Men of his caliber are rare indeed. I am
honored to introduce a scientist and a friend whose quiet competence is as
impressive as his works are great.




Copyvright 1952 by Elevier North Holland. Inc.
J A Loeppky and M L. Riedesel. editors
OXYGOGEN TRANSPORT TO HUMAN TISSUES

Adventures in Hypoxia

Ulrich C. Luft

An important aspect of this symposium on 0O, Transport to Human Tissues™
will be the disturbance or limitation of O, supply to the cells. be this due to
exogenous or endogenous causes. which lead to hypoxia. By way of introduc-
tion to this theme, | intend to recall several episodes in my career that may
appear to be entirely unrelated except for the fact that they all involve hypoxia.

I encountered the first adventure, when | was working on my doctoral thesis
in 1935. After graduating from medical school in Berlin. I took my mandatory
medical /surgical internship and then decided to take a residency in pathology
at the largest municipal hospital in Berlin. There were two other residents in
the department and we had to perform all the autopsies of which there were &
to 10 every day. This was an excellent experience and we were kept very busy
because we also had to do all the histological studies ourselves. In my “spare
time.” { began a series of animal experiments for my doctoral thesis which |
had been contemplating for some time. While I was studying in Munich. I had
spent my weekends climbing and skiing in the Alps with a friend, Hans
Hartmann. He was a brilliant young physiologist who had taken part in a
Himalayan expedition to Kangchenchunga in 1931 and had done studies on
himself and the other climbers at altitudes up to 7700 m. At that time. |
wondered whether any morphological changes might occur to various organ
tissues at these altitudes, so [ set up a simple arrangement to expose guinea
pigs to low pressure. I got a piece of sewer pipe 60 cm in diameter and 60 ¢m
fong and had an iron plate welded onto the bottom end. The rim at the top was
milled off smoothly and I placed a large piece of plate glass 3 cm thick on 1t
with a strong rubber gasket as a seal. Not having any experience with low or
high pressure, I believed that the glass would withstand at least one atmo-
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sphere of negative pressure. The pressure was reduced by an ordinary suction
pump on the water line and any desired pressure could be set by a vent-valve
triggered by a variable mercury column. This arrangement also supplied
continuous ventilation. In the first test. fortunately without any animals.
everything went beautifully until the pressure in the chamber had dropped to
about 200 Torr. Then there was a tremendous bang and large and small
sphnters of glass were flving all over the room. I escaped with only one gash
across my wrist. which fortunately did not sever the artery. After this adven-
ture, | consulted with a glass blower and found out that only tenston-free glass
is suitable for working with high or low pressures and that solved the problem.
After 3 days staged ascent at lower “altitudes.” several animals were exposed
together to pressures of 250 to 300 Torr for an average of 5 days. The animals
were recompressed to ambient pressure for one hour every day for feeding and
cleaning. The most widespread and uniformiy distributed changes after ex-
posure were found in the liver (Figure 1) where there was necrosis surrounding
the vein in the center of each lobulus with fatty degeneration (Sudan stain) in
the cells in the periphery. Of the various parts of the central nervous system

Figure 1. Necrosis around the center of a liver lobulus surrounded by cells with fatty
degeneration.
SOURCE: Lufr, 1938
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that were examined (Nissl method). no lesions were found in the cerebral
cortex. However. manifest degenerative lesions were seen below the fourth
ventricle such as shown in Figure 2. Another organ that was consistenthy
affected by the simulated altitude exposure was the heart muscle. Disseminated
necroses were found in the walls of the left and right ventricle. in the papillary
muscles. and the apex (Figure 3). In the affected areas. the muscle cells were
dissolved into homogenous hyaline globs without any visible nuclei. In the
specimen shown, there is also some infiltration by leukocytes. Incidentally. this
was the first time it had ever beeen demonstrated that myocardial necrosis can
be caused by hypoxia alone without any pathology in the coronary vasculature
(Luft. 1937.1938).

Certainly my most memorable adventures with hypoxia 1 experienced on
two expeditions to the Himalayas in 1937 and 1938. The objective of these
expeditions was the summit of Nanga Parbat (8125 m. 26.659 ft) located at the
western end of the main Himalaya in the state of Kashmir (Figure 4). It 1s one
of the 16 peaks higher than 8000 m. none of which had ever been climbed at
that time. My friend. Hans Hartmann. who was at that time chief physiologist
at the Aeromedical Research Institute in Berlin, asked me to join the expedi-
tion in 1937 and help him with his physiological studies on the mountain.
Early in May. the German and Austrian climbers started on the trek from

Figure 2. Right: Motor ganglion cell from the floor of the fossa rhomboidea with
severe degeneration of the nucleus and alterations of the “Nissl™ bodies after 5 days
exposure to 230 Torr. Left: Ganglion celi from the same region in control animal.
SOURCE: Luft. 1938,
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Figure 3. Dissolution of fibers of papillary heart muscle into homogenous debris.
Reactive infiltration with leukocvtes and isolated fibroblasts.
SOURCE: Luft, 1938,

Srinagar throusgh the foothills to the Indus river on the north side of Nanga
Parbat and reached the base camp (3700 m) two weeks later with 150 porters
carrying the provisions and equipment. At first. the ascent was hampered by
repeated heavy snow falls, forcing the assault group to retreat to base camp.
Early in June. however. conditions improved and by the 6th camp IV (6270 m)
was established and in the next few days all the necessary resources for the
final assault were assembled there. I remained at base camp with instructions
to await the arrival of mail from Gilgit, the nearest post office. before
proceeding to camp IV with more provisions. The camp was not visible from
the base. but on the morning of June 14th 1 could see a partv of climbers
slowly moving up toward a shelf where camp V was to be built. The same
afternoon our British liaison officer arrived at base camp with two sick porters.
He reported that heavy snowfall had again delayed their progress and that 7
climbers and 9 porters were still waiting impatiently for it to clear up. Two
days later. the mail runner arrived and [ started early next morning,. followed
by 7 porters carrying supplies. After spending the night at Camp I1 (5380 m).
we proceeded up the mountain at daybreak eagerly looking forward to joining
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Figure 4. Nanga Parbat (8.125 m) in Kashmir from the “Fairy Mcadow™ below base
camp.
SOURCE: German Himaluva Founduation.

our friends by noon. The porters were lagging behind under their heavy loads
and with increasing altitude. so 1 hurried ahead alone. Soon I reached a
vantage point with a view over the slopes where | knew Camp IV had been
located. But there were no signs of life. Getting close. 1 realized that an
avalanche of ice blocks and compressed snow had completely covered an area
of about 15 acres. In the meantime. the porters who had been here before
confirmed my worst fears. Far above I could see old tracks leading toward the
summit ridge, presumably {rom the party I had seen from base camp by
telescope on June 14th. But. obviously there could be no survivors, or they
would have signalled for help immediately after the catastrophe. Any attempt
to reach the victims that day was out of the question without the proper
equipment. Furthermore it was getting late and we were without shelter for the
night. So I ordered the porters to cache their loads and we hurried downhill
reaching base camp well after dark. An urgent telegram to our headquarters in
Munich alerted a rescue party of three experienced mountaineers who left by
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air a few davs later and were flown to Gilgit from Delhi by the Roval Air
Force. I was greatly relieved to have them join us on July 8th at the base camp.
In the meantime, the tracks up the glacier had been obliterated by snow fall
and more avalanches and it was with great difficulty that we managed to reach
the site of the tragedy. particularly since the newcomers had not had time to
acchmatize. On July 15th. a month after the accident, we began the laborious
task of excavation in the ice at 6270 m with picks. shovels. and avalanche
probes. After searching for S days in vain. we finally located the camp and
were able to uncover $ of the 7 climbers and locate the 9 porters. All of them
were in their sleeping bags and had apparently been smothered instantaneously
under 10 to 12 ft of ice and snow. We recovered their scientific records and
diaries. Hans Hartmann had written his last diary on the evening of June 14th.
The watch he wore on his wrist had stopped at 12:20, but started to run again
in the warmth of my pocket. After 7 days of exhausting labor. we were at the
end of our endurance and were running out of supplies and fuel. We buried
our friends under & mound of snow, marked it with an ice-axe and climbing
rope. Before taking our leave with sad hearts. we had already resolved to return
to Nanga Parbat the following vear.

On June 1, 1938, a team of 10 climbers from Germany and Austria arrived
at our old base camp ready to renew the assault. Bruno Balke, a friend of mine
from medical school. was team physician and joined me in the physiological
studies planned for the previous year by Hans Hartmann. which had been so
tragically interrupted. A radically new departure was the participation of a
transport aircraft assigned to us by the Air Ministry to supply the base and
higher camps from Srinagar so as to reduce the number of porters required. of
whom 9 had lost their lives the year before. Weather conditions were even
worse than the year before and. after reaching Camp IV. a group of climbers
and porters were marooned for 6 days without any communication with base
camp after a heavy snowstorm. Here the airlift proved invaluable by dropping
supplies at 6270 m on the first clear morning on alert by radio. The assault
continued despite several more setbacks and Camp VI was established at 7000
m on the summit ridge. In view of the weather reports from Srinagar that the
monsoon season was already in progress and more storms were to be expected
around Nanga Parbat. further attempts on the summit had to be abandoned.
All climbers and porters returned safely.

The physiological observations of 1937 and 1938 reported in detail elsewhere
(Hartmann et al.. 1942) can be summarized as follows. It was already well
known at that time that animals and man become polyeythemic at altitude. We
wanted to find out how rapid the erythropoietic response was at various
altitudes and also how soon it abated after return to lower altitudes. The
results are shown in Figure 5. During the 65-dav sojourn at altitude between
4000 and 7000 m, there was a continuous rise in the red cell count and in
hemoglobin. but the former increased more rapidly than the latter. resulting in
a reduged Hb /Hct ratio and the disparity persisted even 30 days after descent.
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Figure 5. Erythrocyte counts, hemoglobin concentration and Hb /Hct ratio (Firbein-
dex) in the course of the Nanga Parbat expedition. 1938. Mean values on S subjects.

SOURCE: Hurtmarin et al., 1942,

Larlier studies by Hartmann on Kangchenchunga had shown that the resting
hear: rate was a very sensitive indicator of an individual's state of acclimation
at a given altitude. This was borne out in 1937 where heart rates were taken
daily in the morning before rising by all members of the expedition (Figure 6).
The lower curve in this figure shows average heart rates at rest for 7 climbers
of the main expedition from sea level to 6200 ft where the accident happened
and the upper curve shows mean values on 3 members of the rescue group who
reached the site of the accident within 10 days from sea level. while the others
had taken 40 days (Luft, 1941; Hartmann et al., 1942).

Another entirely different aspect of hypoxia that we got involved with in
B. -lin in the late 30s and during the war was the effect of rapid or explosive
decompression during flight at high altitude on gas exchange in the lungs and
on subsequent mental performance and consciousness. In a specially designed
small compression chamber attached to a farger chamber which acted as a
vacuum reservoir, the small chamber could be decompressed to 50.000 ft in |
to 2 sec by an electrically operated valve. End-tidal samples were collected by
the subject into evacuated burettes for analysis on the Haldane Apparatus.
Table 1 (Luft et al.. 1949) shows gas concentrations in alveolar gas after rapid
decompression (RD) from sea level to equivalent altitudes ranging from 16.000
to 50.000 ft. The O, values increase from approximately 14% at sea level with
altitude and reached that of the inspired air at about 35,000 ft. At higher
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Figure 6. Heart rate at absolute rest, average of 7 climbers who had acclimatized for 40
days on reaching Camp IV (6270 m) (@-@). Upper curve (A-A) gives mean values on
3 climbers of the rescue team who reached the same altitude in only 10 days.
SOURCE: Lufr, 1941.

Table 1. Composition of Alveolar Gas 2 to 5 Sec After Rapid Decompression from Sea
Level Breathing Air.

Altitude 0, CO, N, Py
ft % % % Torr
0 14.3 5.6 80.1 760
16.400 13.7 8.9 77.3 405
19,700 14.4 11.1 74.5 354
21.700 14.8 11.8 73.5 RItA
23.300 15.0 10.8 74.2 309
26.300 15.3 14.8 69.9 267
29.500 15.4 16.4 68.2 23t
31.200 16.3 17.7 66.0 214
32.800 19.3 223 58.4 199
33.000 19.8 220 58.0 197
34,500 20.5 24.2 55.8 184
39.500 23.7 30.7 456 144
40.000 23.4 29.1 47.5 i41
45.900 24.7 41.6 344 106
46.000 26.0 42.0 320 106

50.000 27.0 40.3 327 87
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altitudes. the O, concentration was consistently above 21% and reached 27% at
50.000 ft. This strongly suggests that O, uptake is nonexistent after RD to
35.000 ft and that at higher altitudes there is a significant influx of O, from the
mixed venous blood into the alveoli due to the reversal of the PO, gradient. It
should be remembered that these experiments were performed just a few vears
after J.S. Haldane. in the last edition (1935) of his classic text “Respiration.”
still advocated his theory of active secretion of O, in the lungs. Rapid
decompression offers unique opportunities for studying the effects of a tran-
sient anoxic state on body functions by reducing the partial pressure of O,
instantaneously at the blood-gas interface in the alveoh to levels where O,
uptake ceases or is even reversed. Furthermore. the duration of the exposure
can be controlled precisely bv rapid recompression to specific O, pressures.
Previous observations (Luft et al., 1951) had shown that although loss of
consciousness occurs faster with increasing altitude. a minimum time of
consciousness of 15=1 (S.D.) sec is reached at 50,000 ft (87 Torr) which
remains constant at higher altitudes. The experiments described below in-
volved RD breathing 100% O, from a total pressure of 200 Torr, where O,Hb
saturation is still normal, to 68 to 70 Torr in 0.2 sec (Luft and Noell, 1956). A
typical recording i1s shown in Figure 7 where the barograph indicates an
exposure to 68 Torr with recompression to 200 Torr in 2 sec. Throughout the

Figure 7. Oscillograph recording during decompression from 200 to 68 Torr in 0.2 sec
breathing O.. Recompression after 12 sec exposure. From top: Barograph. response to
audio signal on Morse key, ear opacity. O, saturation (Oximeter), and respiration.
Subject was unconscious from 14th to 24th sec.

SOURCE: Luft and Noell, 19756,
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Figure 8. Pictures taken before (— 15 sec) and during [8-sec exposure to 68 Torr.
Postural failure beginning at 17.5 sec with intermittent upward movements. Gradual
recovery from 26 sec to 35 sec. Response to audio signal was absent between 14 sec and
24 sec.

SOURCE: Lufr and Noell, 1956,

experiment. the subject was required to reply to an audio signal from his
earphones by pressing a Morse key. Failure to respond signified onset of
unconsciousness. The tracing from the ear-oximeter shows no change for the
first S sec after RD followed by a precipitous drop during the following 5 sec.
Conversely. resaturation did not begin until 5 sec after recompression. This
delay is compatible with the lung-to-ear circulation time. Respiration was
increased immediately after decompression but was absent during the phase of
unconsciousness (9 sec) after recompression. Similar experiments, where the
duration of exposure to anoxia was varied between 6 and 18 sec. demonstrated
that loss of consciousness occurred in all exposures of more than 6 sec. but not
before 14 to 16 sec had elapsed. regardless of the duration of exposure. In the
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example in Figure 7. unconsciousness occurred at 14 sec. at a time when
recompression was nearly complete. Individual frames taken from a continu-
ous movie during an 18-sec exposure are shown in Figure 8. Postural failure is
apparent 17 to 18 sec after RD and lasted for 18 sec after recompression, while
unconsciousness (no signal) lasted only 10 sec (14 to 24 sec). The time which
elapsed between recompression and recovery of cerebral activity increased with
the duration of the anoxic exposure. Not clearly visible from the photographs
is a staring or a glazed appearance of the eyes which signifies cerebral arrest as
in a petit mal seizure. This phase coincided closely with postural failure.

I could give more examples of my adventures in hypoxia. but these may
suffice to illustrate the infinite variety of its manifestations and the physiologi-
cal responses to it. And that is why hypoxia has been the “leitmotiv” in my
scientific endeavors over the vears,
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Oxygen Transport In Aging
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Introduction

I plan to trace the development of methods for measuring aerobic capacity
(maxVO,). Sid Robinson was a pioneer. first in perfecting the method and
next in measuring change in max VO, with age. A study of black and white
sharecroppers in Mississippi in 1941 reveaied equality of these samples of the
two races with respect to max VO,. This proved crucial to interpretation of
later findings on Blacks. Bruno Balke became a celebrity in post-WWII days:
During his stay at Brooks AFB. he developed a stepwise method for measuring
max VO,. On retirement in 1961, Dill joined Robinson for 5 vears of research
including a comparison of response of max VO, in acute and chronic exposure
to equally reduced barometric pressures. “acute”™ in Robinson’s altitude cham-
ber and “chronic” on White Mountain in California. Fifteen years at Boulder
City followed. Studies of O, transport in a group of Caucasians of both sexes.
old and young. in 1979 and a similar study of Blacks in 1980. will be presented.

Measuring Oxygen Consumption in 1925

Measuring the rate of oxygen consumption (VO,) was carried out routinely by
1925 in Arlie Bock’s laboratory in the Bulfinch Buildi.g, Massachusetts
General Hospital (MGH). Equipment included a bicycle ergometer. gasome-
ters. Douglas bags. and a portable gas analysis apparatus of the Haldane
design. Subjects in exercise experiments were the investigators and Clarence
DeMar. the great marathon runner of that day. He won the Boston Marathon
7 times. DeMar enjoyed taking part in Brock’s program. He did many steady
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state rides on the bicycle ergometer during which we estimated cardiac output
and made related metabolic measurements. Then he ran around a path in the
little park in front of the Bulfinch Building breathing into a Douglas bag that
one of the staff carried. The pace was too slow for an aerobic capacity: he used
4.13 liter/min but his run was aerobic since his RQ was 0.89 and his blood
lactate elevation only about one mEgq/liter. His aerobic VO, was 57.2
ml/min /kg: this was at age 39. Results were reported by Bock et al. in 1928,

Opening the Fatigue Laboratory

Thanks to the concept of L.J. Henderson (LJ) and the backing of Dean David
Edsall of the Harvard Medical School and Dean Wallace Donham of the
Harvard Business School. funds were obtained in 1926 from the Rockefeller
Foundation to equip and underwrite for 10 years a laboratory in the Harvard
Business School for expanding research that had been initiated by Bock. Dill
was given charge of the research program responsible to LJ and his committee,
which included Bock.

The laboratory was opened in the fall of 1927. Based on experience acquired
at the MGH. the “Fatigue Laboratory” soon became a stimulating environ-
ment for research in exercise physiology for studies on what LJ called
“physicochemical properties of blood™ and in comparative physiology. Besides
bicycle ergometers such as that at the MGH. we borrowed the motor-driven
treadmill that had been used years before at the Carnegie Nutrition Labora-
tory of Boston for physiological studies of level and grade walking. Based on
our experiences with it, arrangements were made with a belt-conveyor com-
pany in Cambridge to make a rugged treadmill on which men could run at
intermediate or high speeds horizontally or on an incline.

Marathoner Clarence DeMar

In his fastest marathon at age 36, DeMar averaged 282 m/min. At age 40 and
weight 61.5 kg, he ran on the treadmill for 20 min aerobically; his VO, was
63.7 ml/min /kg. On another occasion at age 49. he ran at 233 m/min on a
grade of 8.6% with an apparent RQ of 1.17. His VO, was 58.6 ml/min /kg.
clearly his aerobic capacity at 49 yr. In his last marathon at age 66. he averaged
176 m /min, about 6.5 mph. Those findings and an account of his post-mortem
have been summarized (Dill, 1965).

Robinson at the Fatigue Laboratory

Robinson was a pioneer at persuading champion runners to run all-out on the
treadmill. In 1937 as a fellow in the Fatigue Laboratory, he had an opportunity
to work for a Ph.D. He had come from Indiana University where he had held a
dual appointment as Assistant Professor of Physiology and assistant track

-
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coach. By that time our laboratory had a treadmill with a Reeves drive which
permitted a continuous range of speeds and grades. Robinson persuaded
several great distance runners competing in the Boston Garden Saturday to
come to the laboratory Sunday to run on our treadmill. Don Lash, who had set
a record in the indoor two-mile race. agreed. At 360 m /min. his pace ia setting
his world’s record. his max VO, was 81.3 ml/min /kg. at that time a record
aerobic capacity (Robinson et al.. 1937).

During that year, Robinson completed a study of physiological changes with
age, including aerobic capacity, in 93 males ranging in age from 6 to 91 vr.
This was accepted as part of the requirement for his Ph.D. and was published
in the leading journal of exercise physiology of that day (Robinson. 1938).

Before Robinson returned to Indiana. others in the laboratory joined him in
planning a field study of sharecroppers in his home state of Mississippi for the
summer of 1939. In June 1939, his treadmill was taken by truck from
Bloomington. Indiana to Benoit, Mississippi. Several of us from the Fatigue
Laboratory arrived with other laboratory supplies; a laboratory was set up in
the high school gymnasium. Robinson was responsible for observations on
max VO, on 23 black and 8 white sharecroppers (Robinson et al., 1941). The 23
black sharecroppers had virtually the same max \'/O2 (49.9), as that of the 8
white sharecroppers (49.6 ml/min/kg). Since occupation and environment
were the same. it is evident that these samples of the two races were about
equal in respect to capacity for supplying oxygen to tissues.

Robinson at Indiana

Robinson’s early studies of champion runners became the basis for longitudi-
nal studies of aerobic capacity. These runners were studied again about 25 yr
later and again, recently, 43 yr after their competitive careers (Robinson et al.,
1976). Decline in max \'/O2 in the former runners was compared with its decline
in nonathletes. When young, the runners’ mean max VO, was 71.4 compared
with 50.6 ml/min /kg in nonathletes. In the recent study, and at comparable
ages the value for maxVO, had dropped to 46.6 in runners and to 35.5
ml/min, kg in the others. In two of the runners who had been cigarette
smokers and who had led sedentary lives. max VO, had dropped below the
average for ncnathletes of their age.

The Balke Test

Bruno Balke's system was designed to measure \'/03 as the subject walked at a
fixed rate on the treadmill; but with the grade raised a fixed amount each
minute. His procedure was well standardized so that he could make a good
estimate of max VO, from the duration of the test. The procedure has been in
general use since then. sometimes with modifications, but it remains the “Balke
Test.™

.
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Danish Longitudinal Study

In the period 1925-1930, Asmussen measured max VO, in a large number of
Danish physical education students. He did follow-up measurements in 1959
and 1971 of those subjects who were still available. The last paper (Asmussen
etal., 1975) summarizes earlier findings. His max VO, expressed as liter, min
was estimated from heart rates measured at several submaximal work rates. a
common practice in Scandinavia. His mean values for max VO, in 19 males in
chronological order for ages 24. 49, and 61 vr and weight 70. 76, and 78 kg,
respectively, were 3.5, 2.9, and 2.7 liter/min. Corresponding values for 6
females for ages 24, 51, and 63 yr and weight 60. 62. and 58 kg. respectively,
were 3.0, 1.9, and 1.8 liter /min. These men and women learned their lessons
well in their days as students of physical education. Their stable body weight
and their maintainance of a nearly stable max VO, for 12 years after age 50 is
remarkable.

Five Years at Indiana University

Dill had the good fortune to spend the period 1961-66 as a research scholar at
Indiana University with Robinson. During that period, four of us made use of
the altitude chamber in the newly-completed environmental room. Aerobic
capacity was measured at ambient barometric pressure and barometric pres-
sures equal to those of three laboratories of the White Mountain Research
Station at 535. 484. and 455 Torr. Each of us did three Balke tests at each
pressure in random order. This study of acute exposure to altitude formed the
basis for a study of chronic exposure to altitude carried out on White
Mountain in 1966. The decrease in max VO, was significantly greater in the
chronic exposure which is still unexplained (Dill et al., 1967).

Boulder City— 1966 to Present

Fifteen happy and productive years of research in environmental, exercise, and
comparative physiology in Boulder City, Nevada followed. Aerobic capacity
measurements were done on the Monark bicycle ergometer until 1972 when a
Quinton treadmill was acquired. Research on physiological changes with aging
man resumed during this period.

In 1977, Dill with Yousef as co-investigator submitted the proposal to the
National Institute on Aging (NIOA) for a comparative study of three racial
groups, Caucasions. Blacks, and Chicanos. In that summer, observations were
made of thermoregulation, sweat rate, and composition of sweat in aerobic
walks in desert heat. Correlated measurements were made of body fat and
aerobic capacity. The subjects were 7 male and 4 female laboratory assistants
all of whom were superior in scholarship and in athletics. That study served as
a pattern for the NIOA study. In final form. the proposal called for a
physician supervising measurement of aerobic capacity with the volunteer
nding a bicycle ergometer.
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Whites and Blacks: Max VO,

During the summer of 1979, the study began. Fifty-eight men and women
volunteered. many of whom had been members of jogging classes in previous
vears sponsored by the University’s Continuing Education Department. The
first measurement was aerobic capacity. Those who were judged fit by the
phvsician did three I-hr desert walks with ambient temperature up to or above
40° C. Based on previous findings on vouths. the rate of walking was adjusted
to require about 40% of aerobic capacity. Body fat was determined by the K-40
method. Some of the findings will be presented here together with findings on
Blacks in 1980.

There was an important difference in backgrounds of the two groups. Many
of the Whites had maintained exercise programs after their participation in
Jogging classes. Only a minority of the Blacks were committed to any exercise.
Many did participate in a jogging program in the spring of 1980 prior to our
study. During the summer. 48 completed the three walks. 19 men ages 17 to 61
vears and 29 women ages 16 to 56 yr.

Results

Values for percentage of body fat for male and female Blacks and Whites are
given in Table 1. There were no significant differences between these samples
of the two races.

Measurements of max VO, for Blacks are presented (Figure 1). These
indicate the decline in max VO, with age. The dimensions of each rectangle
correspond to S.D. for age on the horizontal axis and S.D. for max VO, on the
vertical axis. In Figure 2. mean values for Whites are shown in the center of the
rectangles by hollow squares. Solid triangles in Figure 2 correspond to mean
values for max VO, of Blacks (Figure 1).

Discussion

The basis for measuring aerobic capacity was laid in Bock’s laboratorv in
Boston. All necessary equipment was on hand and techniques had been
perfected when Dill arrived in 1925. Observations were made on DeMar the
marathoner in aerobic rides on the bicycle ergometer and in a run. The Fatigue
Laboratory was opened in 1927. It was ten years before Robinson arrived and
directed our attention to ali-out exercise. He was the senior author of the first
paper from the Fatigue Laboratory dealing primarily with aerobic capacity
(Robinson etal.. 1937). He used a combination of speed and grade that
brought the subject to his endpoint in 5 to 10 min. The criterion for the subject
having attained his limiting VO, was apparent with RQ values well above unity
and an elevation of blood lactate 5 to 10 times above resting. These criteria
proved less reliable in old age where the capacity for such increases in RQ and
in lactate are lost.
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Table 1. Body Fat. Age and Max \}03 in Whites and Blacks.

Group Whites Blacks Difference in max VOZ
n 32 6
< 30yr Age 18.1 + 1.4 205+ 39 Whites > Blacks
Male Fat 12.6 + 6.1 176 £ 9.1 p < 0.005
n 26 11
< 30 yr Age 174 + 1.2 20.7 = 4.6 Whites > Blacks
Female Fat 25.1 £ 6.3 213119 p < 0.001
n 9 14
30-39 yr Age 36.1 + 2.1 334+ 29 Whites > Blacks
Male Fat 286 £ 9.0 267+ 9.6 p <0.2(NS)
n 12 9
30-39 Age 341 £ 3.7 338+ 30 Whites > Blacks
Female Fat 37.5 £ 9.2 375+ 69 p <0.2(NS)
n 4 10
40-49 yr Age 428 £ 10 445+ 29 Whites > Blacks
Female Fat 38.0 £ 6.7 42.1 £ 141 p < 0.00}

NOTE: Mean values £ S.D. are shown for age (yr) and Fat (percent of body weight). Differences for
max VO, can be seen in Figure 2.

One is required by the Institutional Committee on Human Safety to explain
all details of the plan and emphasize to the subject that he can stop at any
time. This ts an onerous task if the investigator has been a track coach
accustomed to urging the runner to “Keep going. don’t quit!”

That constraint and authorities’ concern about possible accidents led to the
deciston to utilize in recent studies the bicycle ergometer for aerobic capacity
following the Balke practice of stepwise increase in load. Studies by Taguchi
et al. (1974) indicate aerobic capacity of men is significantly less (over 8%) on
the ergometer than on the treadmill. There was a mean difference of 3% in the
same direction in women, but it was not significant. The differences in the case
of the men. however. should be taken into account when comparing values for
max VO, with findings on the treadmill.

Table 1 shows that there was little if any difference in percentage of body fat
between groups of Blacks and Whites that were studied.

In the case of maxVQ,. there were highly significant differences among
some groups of Blacks and Whites of the same sex and age range based on the
t-test. those of the Whites always exceeding Blacks’ (Table 1).

e e
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Figure 1. Acrobic capacity vs age in Blacks. Aerobic capacity (maxV0,) was de-
termined on the bicycle ergometer. Means are indicated by open svmbols in the center
of the rectangle. S.D.s are indicated by length and width of rectangles. Open symbols
outside the rectangles are individual values.

The early study of max VO, of black and white sharecroppers had shown
equality of max VO,. Those two groups were comparable in economic status. in
environment, and in occupation. Hence, it is reasonable to conclude that the
difference in max VO, observed between the Whites of 1979 and the Blacks of
1980 depends on differences in living habits. It may be that the participation
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Figure 2. Acrobic capacity vs age. Blacks, and Whites. Acrobic capacity (max VO,) was
determined on the bicycle ergometer. The rectangles show means and S.D.s for groups
of Whites: open symbols in the older age range are individual values for Whites. Solid
triangles arc mean values for groups of Blacks: thev correspond to the open svmbols in
the rectangles of Figure 1. Solid triangles in closed squares are individual values for
Blacks.

by many of the Whites in organized jogging classes and their continued regular
exercise slowed down the decline in max VO, with age. This certainly was true
of several of the white males and one female who competed in long distance
races.
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Dilution Methods for Measurement of
Cardiac Output: A Review

Leon E. Farhi

Because the function of the circulatory system is to supply adequate tissue
blood flow, the cardiac output is obviously one of the major indices of that
system’s performance. It is not surprising. therefore, that a great number of
investigators should have devoted considerable effort to devise and perfect
methods for determining this variable: the purpose of this article is to review
recent progress in this field. In order to allow the reader to evaluate these
developments in their proper context. they will be presented in the framework
of a general description of dilution methods. It is fortunate that three scholarly
reviews (Hamilton, 1962; Guyton, 1963: Butler. 1965) which are as important
today as when they were published provide both a thorough description of
essential classical methods and a complete survey of the literature unnecessary.

Cardiac output can be directly measured only by temporarily diverting the
blood flow into a container where the amount of blood accumulated per unit
time can be determined. Consequently, all methods of measurement used
routinely for clinical or research purposes are necessarily indirect. Some of
these rely on the positioning of flowmeter probes around vessels and are
therefore applicable to human study only under extremely rare surgical condi-
tions. Other methods of measurement like those based on pulse pressure
studies, yield results of questionable accuracy and still others like those derived
from measurements of the heart chambers using angiocinefluorography are too
complex for routine use. Because all these methods are well-discussed in both
Hamilton's comprehensive review (1962) and Guyton’s book (1963) they will
not be considered any further. An interesting technique with great potential
has recently been described by Loeppky et al. (1981). Some of its features are
discussed n this book by E.R. Greene. In this presentation, we will concentrate
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on the dilution techniques with which the vast majority of data in the literature
have been obtained.

The basic principle on which these methods are based was clearly and
succinctly presented by Adolph Fick nearly a century ago (1870). If a sub-
stance X is injected at a rate V into the blood flowing at a rate Q. the
concentration of X beyond the point of injection. C. must be equal to V/Q.
When considerir.g addition of a substance already present in the blood stream.
the difference between C,. the concentration of X upstream of the injection
point and C,, the downstream concentration, is equal to V/Q. Obviously. this
relationship also pertains if X is withdrawn rather than added. a condition in
which C is larger than C, and V is negative. In either case, the blood flow can
be calculated from:

. \%
¢ (5.1)

This basic relationship (which can be applied to any individual vascular bed)
may be used to measure total cardiac output provided that X is distributed
uniformly into the total blood flow. It is notable that when dealing with any
unsteady state, as is the case in single injection techniques. the equation is still
valid at any one instant and the time integral may be used to calculate flow.
All the dilution methods used in the clinic rely on Fick’s basic approach and
differ only in the nature of X (which can be a gas, a dye. a radioactive tracer,
or even a physical characteristic such as temperature or electrical conductivity)
and consequently in the methods for determining C, and C,. Table 1 lists
various dilution methods and supplies information on the nature of the tracer
and site of sampling.

Methods Requiring Cardiac Catheterization and /or Arterial
Puncture

“Direct Fick”

The dilution equation set by Fick lay untested for nearly 20 years, until first
used by Grehant and Quinquaud (1886). At the turn of the century, Zunt: and
Hagemann (1898) used this approach on resting and exercising horses, another
30 years elapsing before the first self-catheterization by Forssmann (1929) was
introduced to the modern era. In the “direct Fick” technique. oxygen is usually
the tracer gas, with the O, uptake from the alveolar gas representing V. and the
O, concentration in pulmonary arterial and pulmonary venous blood giving C,
and C,, respectively. It is noteworthy that Zuntz and Hagemann had already
recognized the pitfall created by the difference in O, content of blood
returning from the various organs. and indicated that a mixing chamber, the
right heart. was required. Similarly, the value corresponding to C, can be
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determined only after the contents of the four main pulmonary veins have been
mixed in the left heart, which acts as a second mixing chamber. Because these
safeguards are incorporated in the direct Fick technique, 1t is still widely used
as the standard against which new approaches are tested.

Dve- Dilution Techniques

In this method. a dye is infused into a peripheral vein at a known rate and
allowed to mix into the cardiac output in the right ventricle. The changing
arterial concentration yields C, and V is the rate of dye infusion. Before
recirculation occurs, C, should remain zero. Unfortunately. it is seldom if ever
possible to obtain a dye plateau before recirculation takes place (Hamilton,
1962).

One can also inject a single slug of dye in a peripheral vein, and follow
changes in dye concentration by continuous sampling, giving C,. The value of
V is related to the amount of dye injected and C, is measured by withdrawing
an aliquot of blood (into which dye from previous injections is now uniformly
diluted) from either the arterial cannula or the vein used for injection. In the
single injection technique, as with continuous infusion. recirculation occurs
before the measurements are completed and appropriate corrections must be
introduced.

Injection of Poorly Soluble Inert Gases

This approach has been described by Rochester and coworkers (1961), Cornell,
Braunwald. and Brochenbrough (1961) and by Klocke and associates (1968),
who injected krypton and hydrogen, respectively, in a systemic vein. As in the
case of dye. V is obtained from the volume of solution injected. Here the right
heart serves as a mixing chamber, and C, is obtained by sampling blood from
the pulmonary artery. The advantage of this approach resides in the fact that
gases of low solubility are practically eliminated completely in the lung. The
small amount retained and recirculated (which gives C,) can be measured in
systemic arterial blood, or a small correction factor may be substituted. It is
possible to infuse the solution continuously. or to simulate the single injection
of the dye-dilution technique.

Thermodilution Methods

The dilution principle has been applied to conditions where heat is the tracer
(V) and downstream blood temperature (C,) is monitored. Both a steady state
technique with introduction of heat in the pulmonary artery and measurement
of blood temperature downstream (Fronek and Ganz. 1960) and single injec-
tion in the pulmonary artery, with measurement of temperature in the aorta
(Fegler. 1954), have been described. Although blood temperature is measured
in situ and no samples are required. right heart catheterization is necessary.
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Table 1. Dilution Methods for Determining Blood Flow.

Method

Nature and site of measurement of variables

&)

C,

Steady state direct Fick

(o}
CO,

Non-volatile tracers
(dye. PAH. etc.)

Gases of low solubility

Thermodilution

Dyes and non-volatile tracers

Gases of low solubility

O> uptake. measured at mouth
CO; output. measured at mouth

Rate of infusion of tracer in
systemic vein

Rate of infusion, systemic vein

Heat supplied to blood by catheter
in pulmonary artery

From amount injected in systemic
vein

From amount injected in systemic
vein

O content. systemic arterial blood

CO; content. systemic arterial
blood

Concentration of tracer past the
right ventricle. which acts as a
mixing chamber

Concentration. pulmonary artery

Blood temp. in pulmonary artery
bevond point of heating.
measured by thermistor on
catheter

From changing concentration in
systemic artery

From changing concentration in
pulmonary anery

O, content pulmonary arterial
blood

CO; content. pulmonary arterial
blood

Assumed equal to zero or
concentration of tracer in
systemic artery after abrupt
cessation of infusion or calculated
from arterial concentration vs
time curve

Concentration. systemic artery
or calculated

Blood temp. before heat is supplied

Level in blood before injection

Essentially zero

or




Thermmodilution

“Indirect Fick™. O, or CO,
One-step methods

Two-step methods:
Equilibrium techniques

Rate of change techniques

Inert gas methods

‘Uptake: Unsteady state

Steady state

Infusion of very soluble gases

From volume and temp. of liquid
injected in pulmonary artery

O5 uptake or CO- output. lungs

O, uptake or CO> output. lungs
(step 1)

O; uptake or CO» output. lungs

(step 1)

Inert gas uptake. at mouth

Inert gas uptake. at mouth

Rate of infusion, systemic vein

Changing temp. in aorta

Arterial O; or CO» content.
calculated from blood
dissociation curve and
alveolar gas tensions

Arterial O or CO» content.
calculated from blood disso-
ciation curve and alveolar
gas tensions (step 1)

Arterial O, or CO, content,
calculated from blood disso-
ciation curve and alveolar gas
tensions (step 1)

Arterial inert gas content calculated
from solubility and alveolar
tension

Arterial inert. gas content calculated
from solubility and alveolar
tension

Mixed venous inert gas content.
calculated from solubility and
alveolar tensions during
rebreathing

Aortic temp. after equilibration

Mixed venous Os or CO, content
from blood dissociation curves
and gas tensions in
occluded alveoli

Mixed venous O, or CO» content
from blood dissociation curves
and alveolar gas tensions after
breath-holding or rebreathing
(step 2)

Mixed venous O, or CO, content
from blood dissociation curve
and alveolar gas tension
calculated by interpolation
or extrapolation (step 2)

Assumed to be zero

Mixed venous content, calculated
from solubility and mixed venous

~ tension. estimated in a second step

Estimated from rate of rise of
alveolar tension during
rebreathing

14
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*“Noninvasive Techniques”

A didactic presentation must start with the description of the basic direct Fick
methods, in which all necessary variables are measured, and lead to the
noninvasive methods, where some of the variables are assessed indirectly or
assumed. In fact, because adequate methods for catheterization and blood
analysis were not available initially, some indirect methods were developed and
used long before the direct techniques.

Methods Based on O, and CO, Exchange

The fact that Fick’s original concept was enunciated in terms of the lung
oxygen uptake and carbon dioxide output probably explains the numerous
attempts to indirectly assess the arterial and venous O, and CO, values
required for the calculations. In nearly all cases. this is done by measuring
alveolar gas tensions under conditions where this gas reflects the composition
of the blood either entering or leaving the lung.

Use of the same organ to sample both C, and C, is made possible by either
of two procedures. In the first, the lung is physically divided, so that some
respiratory elements reflect arterial blood while others mirror mixed venous
blood. In the second, the two measurements are taken in succession, resulting
in a 2-step technique.

The divided lung was first described in 1871 by Wolfberg who isolated part
of a dog’s lung and allowed it to reach equilibrium with the mixed venous
blood perfusing it. Gas tensions in the remainder of the lung allowed the
investigator to determine arterial gas values. Forty years later, Loewy and Von
Schrotter (1903) were able to apply this method to humans. Although the
“aeronometer” has the advantage of allowing simultaneous measurement of
arterial and venous blood. catheterization of a lobe or segment of the lung is
by no means an easy procedure, especially in man. and most methods separate
measurement of C, and C, in time rather than spatially.

In these 2-step methods, gas exchange and arterial gas composition are
usually measured first. In a second step. gas exchange is interrupted. the total
lung volume is allowed to equilibrate with mixed venous blood and C, is
determined. Normally, PvCO, is about 10 Torr higher than PaCQ,. This means
that in order to bring alveolar PCO, to the level of mixed venous blood.
approximately 10 ml of CO, will have to be added (from the circulation or
from a rebreathing bag) to each liter of alveolar gas. Since the corresponding
oxygen tension difference is six times higher (which means that re-equilibration
can be expected to occur sooner for CO, than for O,). most indirect methods
have dealt with carbon dioxide.

However, even with this gas. equilibration is not rapid enough to obtain
mixed venous-alveolar equilibrium by simple breath-holding before the mixed
venous blood composition starts to change. In fact, it has been stated (Richards
and Strauss. 1930) that equilibrium may occur prior to recirculation only if the
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initial composition of the alveolar gas is artifically readjusted so that PCO, is
less than 2mm Hg removed from PvCO,.

Haldane’s group (Christiansen et al.. 1914) must be credited with being the
first to use CO, equilibration on a large scale. Their subjects performed several
breath-holding maneuvers. the initial CO, content of the lung being varied
between experiments. The equilibrium PVCO, value must lie between that of
the highest alveolar gas composition at which PCO, increases during breath-
holding and that of the lowest alveolar PCO, which decreases during breath-
holding. Collier (1956) adapted this method to modern day technology by
monitoring continuously, with an infrared CO, analyzer, the carbon dioxide
fraction at the mouth of rebreathing subjects.

An ingenious method for starting with an initial alveolar CO, in near
equilibrium with mixed venous PCO, uses the subject to “prepare” his own
breathing mixture by prebreathing in a bag. A rest period allows the mixed
venous blood composition to return to its previous value, after which there is a
second rebreathing period. This is essentially what Richards and Strauss (1930)
did. and later the widely used technique of Campbell and Howell (1960)
emphasized the same approach.

In all these methods, hypoxia is avoided by keeping adequately high O,
tension in the lung (in case of breath-holding) or in the rebreathing bag.
Therefore. the equilibrium value obtained is not “true™ venous PCO, but
rather “oxygenated” venous PCQO,.

O, Equilibration Methods

As indicated above, the considerable difference between alveolar and mixed
venous O, has not encouraged the development of methods for obtaining PvO,
from alveolar gas composition. Nevertheless, this approach has been tried.
notably by Plesch (1909) and later by Burwell and Robinson (1924). In both
cases, subjects rebreathed a low O, mixture until equilibrium was achieved.
Because the O, dissociation curve has a lower slope than the CO, dissociation
curve,. it is more easily affected by recirculation. and the O, plateau is of rather
short duration. Thus, former investigators. lacking the current methods for
rapid O, analysis, could easily miss the fleeting O, equilibrium.

The advent of the respiratory mass spectrometer which allows continuous
monitoring of respiratory gases allowed Cerretelli and coworkers (1966a) to
develop a rapid maneuver. A bag containing approximately 7 or 8% CO, in N,
is prepared and the subject. having expired to residual volume, rebreathes from
the bag while the gas tensions at the mouth are monitored continuously. If the
bag volume is properly selected. after 2 or 3 breaths a plateau is found for both
O, and CO,. Note that in this case. the CO, value obtained corresponds to true
venous CO, because blood passing though the lungs is no longer gaining
oxygen. Mass spectrometers are expensive. cumbersome, and not entirely
trouble free. It is fortunate therefore that the method or Cerretelli et al. (1966a)
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could be adapted to other instrumentation. Introduction of minor modifica-
tions into standard laboratory O, electrodes has been shown to increase the
response speed to the point where they can be used to measure the level of the
O, plateau (Farhi et al.. 1966). Although doubts have been expressed about the
validity of the CO, level during rebreathing (Guriner etal.. 1967). mixed
venous O. and the O, obtained by application of the Cerretelli method seem to
be in agreement.

Methods Bused on Rate of Change of Alceolar Gas Composition

It has been suggested that even with an initial bag PCO, approximating
PvCO,. the time required for adequate mixing of alveolar and bag contents
approaches or exceeds the time available before recirculation occurs, and
consequently the CO, tension at which the alveolar gas stabilizes may not
indicate the PYCO, that prevailed before the rebreathing maneuver. It is also
extremely difficult to distinguish between a true plateau and a gentle ascending
slope due to recirculation. This lends interest to methods where the mixed
venous CO, is calculated from the rate of change of PCO, during expiration,
breathholding. or rebreathing. All these techniques are based on the linear
relationship between the CO, movement across the alveolar wall and the
driving pressure responsible for this transfer.

At constant lung volume, the rate of change of PaCO, will be proportional to
the CO, movement and therefore to (PvCO, —PaCO,). The exponential equa-
tion describing this relationship was first published by DuBois. Fenn. and Britt
(1952) and Defares (1958) later used the rate of change to calculate PY¥CO,.

Knowles, Newman. and Fenn (1960) had their subjects perform standar-
dized breath-holding maneuvers. The initial PCO, was varied by changing the
composition of the gas inspired before breath-holding. At the end of the
breathhold, PCO, was determined again. The CO, output was estimated by the
change in PCO, and was plotted against the initial PCO,. The interpolated
value. at which there would be no change in PCO, must represent PvCO,.

Although the technique described by Fenn and Dejours (1954) is also based
on the relationship between PaCO, and VCO,. these variables are assessed in
an entirely different fashion. The PaCO, is varied by altering breath-holding
time rather than inspired gas composition. As long as the oxygen-tension in the
alveoli remains adequate. the oxygen uptake is constant. and changes in VCO,
are reflected by proportional changes in R. the gas exchange ratio. the variable
actually measured in this experiment. By plotting PaCO, versus R. one obtains
a straight line. and extrapolation to R=0 determines the alveolar tension at
which PYCO, —PaCO, would be zero.

The method of Kim. Rahn. and Farhi (1963) is essentially a contraction of
the technique of Fenn and Dejours to a single breath. During a very slow
expiration. several aliquots are collected and analyzed. and each is then treated
as if it represented one of the values obtained with the multiple breath
technique. Implicit in this technique is the assumption (validated by Sikand.
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Cerretelll. and Farhi in 1966 for normal upright man) that the changes during
expiration are due to a difference in the time spent by the gas in the lungs and
not to sequential emptying of elements having different patterns of gas
exchange.

In addition to the substantial advantage resulting from continuous sampling
during one expiration, an additional bonus is the determination of true venous
PVCO,. This is based on an old observation by Haldane that the O, —CO,
interaction on the hemoglobin molecule is such that deoxygenation of hemo-
globin allows it to load an additional amount of carbon dioxide without
changing PCO,. the ratio between the CO, added and the oxygen removed
being 0.32. Kim et al. (1963) reasoned therefore that when the instantaneous
alveolar gas exchange ratio is 0.32, the alveolar PCO, must be equal to the true
venous value.

Cerretelli. Sikand. and Farhi (1966b) were able to perfect the Kim technique
by using a mass spectrometer. sampling continuously from the mouth during
expiration. They found that during exercise the changes in alveolar PCO, were
rapid enough to allow them to use the method without resorting to an artificial
prolongation of expiration. Although this appears at first glance to be only a
technical improvement. it does represent a major advance in the sense that all
three values required for determining cardiac output could now be obtained
from a single breath.

A single step technique has been reported from the same laboratory (Farhi
etal. 1976). At the end of a normal expiration, the subject is asked to
rebreathe in and out of a bag, containing initially a CO-free mixture for 15 to
25 sec. Tidal volume and frequency during the rebreathing maneuver are
selected so as to provide a slight hyperventilation: as a consequence, alveolar
PCO, drops initially and then rises asymptotically toward its equilibrium
value. All the values necessary for calculating the pulmonary blood flow are
obtained from bag volume and from the CO, fraction at the mouth at different
times. The method is of interest not only because it is simple and convenient,
but also because it overcomes certain nagging problems. such as those caused
by the ability of lung tissue to store CO, as PCO, increases. The technique has
been validated and applied to problems such as the readjustment in cardio-
vascular variables during water immersion (Farhi and Linnarsson. 1977) or
following changes in posture (Matalon and Farhi, 1979).

Methods Bused on Uptake of Soluble Inert Gases

The first method based on this principle was suggested by Markoff, Muller,
and Zuntz (1911). The principle is that large quantities of soluble gas can be
taken up via the lungs before the body stores become equilibrated. Thus, it
would be easy to measure V during the initial stages of breathing a mixture
containing such a gas; acetylene and nitrous oxide have received the attention
of most investigators. The assumption that end-capillary blood and alveolar
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gas are in equilibrium makes it possible to determine C, indirectly by sampling
alveolar gas. In most methods (a notable exception being the steady state
technique of Becklake etal., 1962), C, has been assumed to remain zero
because the measurements are made before recirculation takes place. The
problems of this assumption have been underlined by both Hamilton (1962)
and Butler (1965).

It is not the object of this paper to discuss in detail established methods but
it may be useful to point out that they fall into two categories. In the first. gas
uptake is measured during steady state conditions with the subject breathing
through an open circuit. In this case. the alveolar-capillary equilibrium level
will depend on the ratio of ventilation to perfusion (VA/Q) of the elements in
which the exchange takes place. The better ventilated elements (where the
partial pressure of the inspired inert gas remains high) contribute proportion-
ally more to ventilation than to perfusion, while the opposite is true for the
better perfused alveoli. Consequently, the mixed alveolar gas tension will be
higher than the arterial value it is supposed to mirror. In the normal erect
resting man, a 10% difference can be calculated, resulting in a similar error in
measured cardiac output, and this difference may be so much greater in
patients and in certain experimental conditions as to limit the usefulness of the
technique.

This pitfall is avoided in the second category of methods where uptake is
measured during rebreathing from a bag containing initially a measurable
fraction of the inert gas. Since rebreathing tends to create a homogeneous
alveolar gas composition, the effects of uneven VA /Q distribution are
eliminated. However, a new problem is generated by this technique. namely
that as the inert gas tension in the system decreases during uptake. a similar
change takes place in the lung parenchyma, which now releases some of the gas
that had been dissolved. Thus. the total volume of exchange is not limited to
the gas phase, but includes an unknown tissue component. Thus, judicious
analysis of the data supplies information on additional aspects of cardiopul-
monary function. The technique has been refined to the point where it can be
used to measure pulmonary blood flow, FRC, lung tissue volume, and diffus-
ing capacity (Sackner et al., 1975).

Enormous strides in knowledge have been made on the basis of inert gas
uptake studies, and it is noteworthy that the very elegant demonstration by Lee
and DuBois (1955) of the pulsatile nature of pulmonary capillary blood flow
was obtained by studying the N,O uptake.

Possible Sources of Error in Noninvasive Methods

Since the pitfalls of these methods have been reviewed some time ago (Farhi
and Haab 1967), they will be presented here only very briefly. Measurement of
V is usually no different in direct or indirect methods and necessitates either a
comparison of inspired and expired gas or. as is the case in the infusion or
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injection techniques. knowledge of the amount of tracer that is added to the
system.

All the indirect methods require caution because the blood gas content is
obtained by measuring an alveolar tension. To obtain the blood content. one
must first assume partial pressure equilibrium between gas and blood. and then
convert partial pressure into blood gas content. We have already alluded to the
danger of assuming alveolar-arterial pressure equilibrium in the methods based
on steady state uptake of soluble inert gases. This is. of course, not unique to
these methods but pertains to any technique in which differences in ventila-
tion-perfusion ratios cause an inhomogeneous alveolar gas composition. In
order to go from pressure to content, it is necessary to know the solubility
exactly (if one deals with an inert gas) or the shape of the dissociation curve. if
either O, or CO, is considered. It is because of the variability and alinearity in
the dissociation curves that the indirect methods are always regarded with
suspicion. Farhi and Haab (1967) have, however, pointed out that although the
calculated cardiac output may be in error, the indirect O, and CO, methods
give a good estimate of mixed venous tensions, which is precisely the factor
that circulation regulates.
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OXYGEN TRANSPORT TO HUMAN TISSUES

Alveolar-Capillary Equilibration of O, and
CO, in Lungs Studied by Rebreathing

J. Piiper, M. Meyer, and P. Scheid

The conductance of alveolar-capillary transfer of gases is characterized by
pulmonary diffusing capacity (transfer factor). A reliable determination of the
pulmonary diffusing capacity (D) is rendered difficult by the disturbing effects
of functional inhomogeneities in the lungs (Piiper and Scheid. 1980). There-
fore, we attempted to measure D during a rebreathing procedure which is
expected to homogenize lung gas and thus to reduce (or eliminate) the
inhomogeneity artefacts (Piiper et al., 1979).

The aim of this paper is to briefly describe the procedure. the results, and
the consequences resulting from comparison of D values for O,. CO, and CO,.
In the second part, the completeness of blood-gas equilibration, which depends
on D as well as on pulmonary capillary blood flow, and the slope of the blood
dissociation curves, will be analyzed.

Determination of Pulmonary Diffusing Capacity by

Rebreathing Techniques

Principle

The kinetics of the approach of alveolar gas partial pressures to the mixed
venous (P;) values is recorded during rebreathing of suitable gas mixtures.
before the onset of recirculation (Figure 1). From the rate constant, k, the
diffusing capacity can be calculated provided a number of further parameters
are known or can be determined simultaneously: rebreathing bag volume. Vg
(known); lung or distribution volume. V (from He dilution for Dy, and Do
and from CO, dilution for D¢, ). effective ventilation, Vy (from He dilution
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Figure 1. Principle and experimental design for determination of pulmonary diffusing
capacity (D) for O,. CO,, and CO. See text for symbols.

and equilibration kinetics); pulmonary capillary blood flow. Q (from acetylene
dilution and equilibration kinetics); effective solubility or slope of blood
dissociation curve, B; capacitance coefficient in the gas phase, B, (Piiper and
Scheid, 1980).

The value for D is calculated using the following formulae. which are easily
derived considering that the lung and the rebreathing bag constitute a two-
compartment system open at the lung to mixed venous blood (Adaro et al.,
1973; Piiper et al.. 1980; Piiper and Scheid, 1981):

ko By Vi (H— Ve /Vi )
BOJ'Q 1-kol‘ Vr /chf

—kco' Ve /Vetr

kCoz.Bg'vL (‘+ VR /VL )
B(‘o_,' Q 1- l<(‘o:' Vr/ vcff

Advantages of Using Stable Isotopes of O, CO, and CO,

In principle, D for O,, CO,, and CO can be determined from rebreathing
equilibration kinetics of the naturally abundant isotopes '°Q,, '*C'*0,. and
'2C'%0. Stable, naturally occurring but rare isotopes of these gases ('*O,.
'*C'%Q,, '2C'*0) reveal important advantages over their abundant compo-
nents for the following reasons.

(6.1)

[)02:—130:-()-111[1~

Deo= Bg'VL'kco' ( I+ 1

(6.3)

De¢o, =~ .Bco:'Q'ln[l -
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1. Mixed venous partial pressure. which constitutes the asymptote for equi-
libration of alveolar (P,) and bag partial pressures. is practically zero.
Conversely, P; for the naturally abundant component of O, and CO, varies
with metabolic conditions and is generally not known or cannot be de-
termined with high enough accuracy by noninvasive techniques. Also P for
CO (“back pressure™) may be elevated in smokers.

2. The use of isotopic CO, e.g.. *C'™O (mass 30) or "*C'*O (mass 31) is
indispensable when a conventional respiratory mass spectrometer is used as
a gas analyzer because the abundant isotope of CO. '*C'*Q, cannot be
separated from the abundant N, isotope which has about the same molecu-
lar mass.

3. For determination of Dy and D g . the slope of the blood dissociation
curve, B (dC/dP), can be regarded as constant when there is partial
replacement of the naturally abundant component, e.g.. '®O,. by the rare
component '*O, at constant (combined) O, content (Cg ). In this condition
the slope of the effective dissociation curve ( 8, ) is constant for all values
of p'0, and P*0, and equal to the ratio (C; /P;), . Experimentally. this
condition is met if the major abundant component is in rebreathing
equilibrium and P, for the rare isotopic component is small compared with
the naturally abundant isotope. The condition of constant effective solubil-
ity, validating the use of an effective straight line dissociation curve, applies
also to CO,, e.g.. for replacement of '2C'°0, by '*C'¢0,.

Experimental Procedure

After breathing a mixture of 21% O, in N, (used instead of room air to wash
out disturbing **Ar from lung gas), the subject takes two rapid priming breaths
of an oxygen-free hypercapnic mixture and thereafter rebreathes for 15 sec a
gas mixture containing 0.07% '*0,, 0.07% '>C'*0, 1.0% He (for determination
of lung volume and effective ventilation), 1% C,H, (for determination of
pulmonary blood flow) and 8% CO, and 1 to 3% 'O, to establish gas/blood
equilibrium for these gases during rebreathing.

While '°0, and CO, are in equilibrium, C,H,, '*0,., and '*C'*O steadily
decline as they are taken up by pulmonary capillary blood. From the slopes of
the apparently exponential part of these curves, after initial mixing and before
onset of recirculation, the equilibration rate constants (k) are obtained and
used to calculate blood flow and D according to the equations listed.

For determination of D, the same set-up and techniques were used
replacing '*O, and '2C'*O by the stable isotope '*C'¢0Q,.

Results

The mean values of Dg . Do, and Do, obtained in heaithy young male
subjects are shown in Table 1.

Relationship between D, and D .. The ratio of Dy /D¢, about 1.2, 1s in
agreement with the predlctlon based on Fick’s diffusion equation. since the
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Table 1. Measurements of Pulmonary Diffusion Capacity (D) on Healthy Young Male
Subjects.

n Rest Exercise
Dg3 6 54 £ 10 63 +13
Dco 6 47 = 11 52+10
D¢o3 3 178 + 20 305+ 9
Dg2/Deg 1.2 1.2
D¢o2/Doa 33 4.8

NOTE: Mean values * S.D. are shown at rest and during bicycle ergometer excrcise at 50 to 125
W. n: number of subjects; D: expressed ml/min/Torr (STPD).

ratio of Krogh's diffusion constants, K (diffusion coefficient X solubility) for
0, /CO is also about 1.2.

If the processes in the red cell (diffusion and chemical reaction with
hemoglobin, #) prevailed as limiting factors, the Dy /D ratio should ap-
proach the 8, /6., ratio which according to generally accepted values equals
about 3.0 (Pﬁper and Scheid, 1980). Thus one may conclude that simple
diffusion appears to be the limiting process. However, when extreme literature
values for 6, are considered, a 6, /0., ratio as low as 1.1 may be obtained. If
this is true, analysis of Dy /D ratio allows no differentiation as to the site of
gas transfer resistance. -

It should be pointed out that in most previous investigations, the ratio
Dy, /D¢o has been found to be less than unity. This finding cannot be easily
explained by a diffusion-reaction model and is probably due to the fact that
functional inhomogeneities lead to a more pronounced underestimation of D,
as compared to that of D¢, (Chinet et al, 1971; Piiper and Scheid, 1980;
Savoy et al., 1980).

Relationship between D, and D, . The Dq_ values, 180-300 ml /min/Torr,
(Table 1) appear to be high. Indeed, Hyde et al. (1968), attempting to de-
termine D¢ using the stable isotope '*CO, with a breath-holding technique.
could not show D, to be statistically different from infinity. But Krogh’s
diffusion constant ratio, Ko /K. for tissue is about 20. Thus alveolar-
capillary CO, equilibration is slower than expected if O, equilibration is
assumed to be purely diffusion-limited and much slower if O, equilibration is
in part reaction-limited. Recent experimental results have shown the reequi-
libration of the H* /HCO; /CO, in blood, in particular the HCO; /Cl1~
exchange between red cells and plasma, to limit the capillary-alveolar CO,
transfer in lungs (Klocke, 1980).

Thus, aithough a complete equilibration of pulmonary capillary blood with
alveolar gas may be attained with respect to molecular CO,, i.e., equalization
of PCO,, the CO, content of blood is expected to stay at a higher level than the
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equilibrium value (Figure 2). The internal reequilibration of the
CO,/H" /JHCO, system in blood after the blood has left the pulmonary
capillaries would raise blood PCO,. thus producing secondarily., a PCO,
equilibration deficit measurable as an arterial-alveolar PCO, difference.

Diffusing Capacity vs Equilibration Conductance

Since the major limiting process in alveolar-capillary equilibration of CQO, is
not diffusion of molecular CO,. the term “CO, diffusing capacity” is inap-
propriate if not misleading. More appropriate terms would be *“‘equilibration
capacity” or “equilibration conductance,” where the term “equilibration™
encompasses both diffusive processes and chemical reactions involved in the
approach to an equilibrium state. These terms should also be preferred for D
and D. The well-known dependence of D¢, upon Py clearly shows that CO
equilibration is reaction-limited, at least in the hyperoxic range.

Alveolar-Capillary Equilibration Deficit

The degree of completeness of equilibration and its counterpart. the equilibra-
tion deficit. depends not only on the diffusive (or equilibration) conductance of
the alveolar-capillary barrier, but also on pulmonary blood flow and blood
dissociation curves.

Figure 2. Schematic representation of blood-gas CO, equilibration in lungs. C¢., : total
blood CO, content; eq A: in equilibrium with alveolar gas (A). ’

,CO,/HCO3/H’ re -equilibration
ya in blood

\
Equilibration deficit

[kCapullary tronsit time ——
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The simplest possible model for study of alveolar-blood equilibration is
shown in Figure 3. The relative equilibration deficit. the ratio (P, —P,)/(P, —
P;). is determined by the ratio D /(Qf). where Q is the blood flow and 8 is the
slope of the dissociation curve (Piiper and Scheid. 1981):

Pa=P _ piam

B, P, =g D/ (6.4)
Since the product Q8 may be considered as the perfusive conductance (transfer
rate/arteriovenous partial pressure difference), the decisive parameter is the
ratio of diftusive to perfusive conductance.

Three ranges may be distinguished with regard to the limiting process: (1)
D /(QB)>3. the equilibration deficit is less than 5% and gas transfer is limited
by perfusion, (2) 3>D /(QB)>0.1. gas transfer limited by both diffusion and
perfusion, (3) D/(QB)<0.1, gas transfer is limited by diffusion only and the
increase of Qp leads to an increase of transfer rate of less than 5%.

When the behavior of different gases is to be compared, it is useful to
consider that according to Fick’s law of diffusion, D for a flat and homoge-
neous sheet is given by the relationship.

D=d-a-F/g (6.5)

where d is the diffusion coefficient; a, the solubility; F, the surface area: and g.
the thickness of the barrier to diffusion.

Figure 3. Model for analysis of diffusion-perfusion limitation in alveolar-capillary gas
transfer. See text for symbols.
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Evidently for two gases. I and 1. one obtains:

[D/(QB)]” _ [d-ot/ﬁ’]Il
[D/(QB)], [d-a/B],

The most important variable is the a /8 ratio. For O,. the slope of the
dissociation curve increases markedly upon transition from the normoxic range
into the hypoxic range. The ensuing decrease of the a/B ratio. with the
concomitant decrease of the D/(QB) ratio, is the reasc. why the diffusion
limitation for O, becomes apparent in hypoxia as shown n Figure 4. It is seen
that at this level of hypoxia a very low D/(Q,B) value of 0.4 is calculated.
meaning that pulmonary gas transfer is much more limited by diffusion that by
perfusion. The question of diffusion limitation in alveolar-capillary transfer of
O, in normoxia is difficult due to changing B and the unknown extent of
possible reaction limitations in the P, range.

For CO., the D/(QB) ratio may be estimated to be about 10 2. Therefore.
CO uptake in lungs is diffusion and reaction limited and practically indepen-
dent of pulmonary blood flow.

For CO,. the effect d is reduced by slowness of the reequilibration of the
H" /HCO, /CO, system in blood and the a /B ratio is small due to steepness
of the blood CO, dissociation curve. Thus, an equilibration deficit on the basis
of D¢, estimates can be calculated to reach about 20% in heavy exercise.

An important fact, not considered in the above analysis. is the interdepen-
dence of O, and CO, reactions in blood. These are usually analyzed, for
equilibrium conditions, as Bohr and Haldane effects. When O, equilibration in
hypoxia is slow, the CO, equilibration. specifically the portion corresponding
to the Haldane effect. should also be slowed down relative to normoxia. For all
inert gases the a /B ratio is close to unity, meaning that in lungs (where the

(6.6)

Figure 4. Application of the model of Figure 3 to man in high altitude hvpoxia.
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F /g ratio 1s sufficiently high to enable O, transfer in hypoxia) equilibration
deficits for inert gases are not expected to occur.

Summary

The pulmonary diffusing capacity (D) is reinvestigated by rebreathing tech-
niques using stable isotopes of O,, CO. and CO, as test gases. Whereas the
ratio Dy, /D¢ in hypoxia averaged 1.2, which is close to the prediction from ‘
Krogh's diffusion constants or tissue. the ratio D¢y, /Deo was about 4.0,

probably due to alveolar-capillary CO, equilibration being in part limited by

incomplete equilibration of the H* /HCO; /CO, system in blood. On the basis

of the D /(QR) ratio (Q, pulmonary capillary blood flow: B. effective solubility

in blood). it is shown that alveolar-capillary equilibration of O, is strongly

diffusion-limited in hypoxia, but not in normoxia. Alveolar-capillary equilibra-

tion of CO, is expected to slightly limit CO, exchange at rest, but in heavy

exercise considerable limitation may arise.
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OXYGEN TRANSPORT TO HUMAN TISSUES

Diffusion and Its Limitations

Gail H. Gurtner, J.T. Sylvester, and E. Honig

In gas exchange organs such as the lung and placenta in which blood or gas
can be sampled at both input and output sides of the organ. useful information
can be gained by comparing the properties of O, exchange with those of inert
gases. In this communication, we will present two examples of such an
analysis: one considering pulmonary gas exchange and the other considering
placental exchange. It would have been both scientifically and esthetically
pleasing if exactly the same method of analysis could be applied to both
organs, however the dissimilar properties of gas exchange between the two
organs precludes this. The dissimilarities in rate limiting steps in gas exchange
will be emphasized.

A Comparison of Pulmonary O, and Inert Gas Exchange

The use of inert gas exchange to describe the properties of the lung was
initiated by Farhi and coworkers (Farhi, 1967; Farhi and Yokoyama, 1967)
and Wagner et al. (1974) who developed a method to quantitatively estimate
the distribution of ventilation and perfusion (V/Q) in the lung using inert
gases of different solubility; the method involved sophisticated computer
techniques to estimate the V /Q distribution from which arterial PO, could be
predicted. Although this method is very useful in determining the V/Q
distribution, it is possible to compare inert gas and O, exchange directly under
conditions of hypoxia where O, has a quasi-linear dissociation curve and.
therefore, can be treated as an inert gas.

Wagner's technique consists of infusing a solution of 6 inert gases of widely
varying solubilities (SF6, ethane, cyclopropane, halothane, diethyl ether, and
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acetone) intravenously at a constant rate and measuring their steadv state
concentrations 1in the arterial and muxed venous blood and in the mixed
expired air by gas chromatography. In ihe steady state, this exchange can be
expressed by equations which define retention (R) as:

Pa—PI oo .
= 5 = 2 (QQ)(1+,/QA) (7.1)
i
and excretion (E) as:
_ PE-PI D
= PP Z (Vo ¥ )14V, /QA) (7.2)

where Pa. Pv. PI and PE denote partlal pressures in the arterial and mixed
venous blood and in inspired and mixed expired air, respectively: Qy is total
blood flow, Vy. is total ventilation, Q, is the blood flow of the i compartment.
V, is its ventilation and A is the Ostwald partition coefficient of the inert gas in
question. It is assumed that in any given compartment the retention or
excretion of a gas is determined solely by the V /Q ratio of the compartment
and the blood solubility (A) of the gas: although there is some question about
diffusion limitation in the gas phase. the assumption seems valid for alveolar
capillary inert gas exchange in the normal lung.

We have applied the multiple inert gas technique to two physiological
investigations using dogs: the first involves partitioning the A-a gradient »wud
measuring O, diffusing capacity during exercise at high altitude. These investi-
gations were carried out by Dr. Jimmie Sylvester and coworkers at the Army
Medical Research Institute in Natick, Massachusetts (Sylvester et al.. 1981).
The second application involves an attempt to demonstrate O, tension-related
changes in O, diffusing capacity (DLCO) which might be due to saturable O,
transport due to facilitation by a carrier. Such concentration-related changes in
DLCO have been demonstrated (Mendoza et al., 1977: Gurtner. 1980). This
work was carrted out by Dr. Eric Honig in this laboratory supported by a
Pulmonary Faculty Training Award.

We used the 3-compartment model originally proposed by Riley and Cour-
nand (1949) to analyze inert gas and O, exchange. In this model. the lung is
comprised of a shunt compartment which has blood flow ('Q_\) but no ventila-
tion, a dead space compartment having ventilation (V;y) but no blood flow.
and an alveolar compartment having ventilation (VA) and blood flow (QA ).
Using the model. expressions for retention and excretion can be derived:

Pdﬁpl =(Qu/Qr)+(1-Q/Qr )14V, /QA) © (73)
PE—Pl o o
E=ompr = (Vo V)14V Qu0) (74)

From Equation (7.3). it is seen that as A approaches zero, retention approaches
the shunt fraction. Q_/Q+. Thus, in the experiments to be described. we
measured shunt fraction as the retention of SF6, the least soluble of the 6 inert
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gases we used. From Equation (7.4), it is seen that as A approaches infinity.
excretion approaches 1.0 minus the dead space fraction. V,, /V;.. Thus. we
measured dead space as 1.0 minus the excretion of acetone. the most soluble of
the 6 inert gases. In a similar manner, an expression can be derived for the
difference between the partial pressure of the inert gas in the end-capillary
blood (Pc’) and that in the alveolar air (PA):
VP . .
B =(R=Q,/Q1)(1-Q, /Qr)
In the 3-compartment lung. this gradient will equal zero. since there is only one
gas exchanging compartment. In the real lung. however. it will have some finite
value, the magnitude of which will be proportional to the degree of V/Q
nonhomogeneity (Hlastala and Robertson. 1978: Neufeld et al.. 1978). Thus.
we measured this gradient as an index of V /Q nonhomogeneity where R and E
were measured directly. the shunt fraction was estimated from the retention of
SF6 and dead space was estimated from 1.0 minus the excretion of acetone.

Under conditions in which the O, dissociation curve can be linearly ap-
proximated. it is possible to use the inert gas results to partition the A-a
gradient for O, into portions related to the shunt. V/Q distribution and
diffusion limitation. The portion due to shunt and V/Q distribution can be
predicted by Equation (7.5) using the R and E for the inert gas with a A close
to the virtual value for O,. On the linear part of the O, dissociation curve. the
effective A for O, can be calculated as: (CaO, —CvO, )Py —Py)/(PaO, —
PvO,). where CaO, and CvO, are the O, contents, and PaO, and PvO,. the O,
partial pressures in the arterial and mixed venous blood. respectively: Py is
barometric pressure, and Py, is the water vapor pressure at body temperature.
The value of A for O, is obviously dependent on hemoglobin levels and tends
to vary in different experiments, however A for O, was often very similar to A
for halothane (3.16). Under these circumstances. R and E for halothane could
be used in Equation (7.5) to predict the portion of the gradient related to shunt
and V /Q distribution. In the other experiments, the effective R and E for O,
could be estimated by interpolation.

The residual gradient, (A PO, diff). which remains after subtraction of the
shunt and V/Q portions is the diffusion component and can be used to
calculate O, diffusing capacity by Equation (7.6) which has been derived
elsewhere (Piiper, 1962; Piiper et al., 1971).

(PAO, —PvO,) QuAo,
(APOZdiﬁ) K

i

—E(1-V,/V) ' (7.5)

DLO, =1In (7.6)

where K relates the volume and pressure units used in DLO, from STPD and
mm Hg to BTPS and atm. and where, from considerations of mass balance.
PAQ, is calculated by:

PEOz - PIOZ(VI)/VE)
1 _Vn/'via

PAO, = (7.7)
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Gas Exchange at High Altitude

The subjects for our first set of experiments were 5 awake dogs trained to run
on a treadmill. Two months before the experiments. tracheostomies and
unilateral carotid loops were created surgically. Each dog was studied twice in
a hypobaric chamber. first at an altitude of 6.096 m and then. on a separate
day. at sea level. Resting measurements were made after 1 hr at altitude.
Exercise measurements were made after 15 to 20 min of treadmill exercise.

At sea level, the mean shunt fraction was very small (0.9%). It did not
change significantly during exercise. nor was it altered by exposure to high
altitude. Mean dead space fraction was relatively large (39.7%). Perhaps this is
explained by the intermittent panting typical of awake dogs. No statistically
significant changes were seen in dead space either at sea level or at high
altitude. The end-capillary to alveolar inert gas gradients, normalized by the
difference between mixed venous and inspired partial pressures, were measured
as an index of V/Q nonhomogeneity (Figure 1). Since exercise had no effect
on these gradients. only the effect of high altitude is shown. It is easily
appreciated that the gradients were significantly smaller at high altitude.
indicating an improvement in ventilation-perfusion relationships.

Our next goal was to use these inert gas results to determine how high
altitude altered the exchange of oxygen. We therefore measured the A-a
gradient for O,(AaDO,) and. as Riley had done before. attempted to de-

Figure 1. Inert gas end-capillary to alveolar (P¢—PA) partial pressure gradients in
dogs. normalized by the difference between mixed venous (Pv) and inspired (PI)
tensions, as a function of the Ostwald partition coefficient (A).
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termine how much of this gradient was due to shunt, V/C inequality. and
diffusion limitation. The first step in this fractionation was to measure the
end-capillary O, gradient due to diffusion limitation at high altitude. This
required the assumption that the relationship between blood O, content and
tension was linear. Since at 6096 m the dogs were working on the steep. nearly
linear portion of the oxyhemoglobin dissociation curve. this assumption was
reasonable. The effective Ostwald coefficient for O, could then be calculated.
Figure 2 shows the partition of AaDO, at sea level and high altitude. The
resting A-a gradient at sea level was about 35 mm Hg; 88% of this gradient was
due to V/Q inequality and 12% was due to shunt. Diffusion limitation was
assume